Abstract. Spatial-temporal correlations in the startup-up flow of colloidal suspensions composed of attractive spherical particles under static and shear conditions are studied by computer simulation. The evolution of particle organization with time is followed as equilibrium is approached. The time dependence of the radial distribution and organization of nearest neighbors is tracked as equilibrium is approached and then as a constant shear rate is applied.
Colloidal suspensions [1] are of fundamental importance for many applications, such as cementitous materials. They exhibit a rich variety of behavior such as shear thinning, viscoelasticity, shear thickening, and jamming. Here we study how a colloidal system, starting from rest, responds to an applied strain. The initial organization of the microstructure and its subsequent change under applied stress, play an important role in determining the rheological properties of the suspension. Experimental study of the microstructure during the flow can be made with neutron and light scattering techniques, but these techniques require long time averages making it difficult to study the early stages of flow. In this paper, we present results of a computational study of concentrated colloidal systems under flow making the link between microstrucure and rheological properties.
The simulation approach used in this study is based on a modified dissipative particle dynamics method [2] . This model accounts for lubrication forces when spherical aggregates are very close and includes a Van der Waals attractive force with an effective hard sphere repulsive force. The interaction potential chosen for this study has a depth of 25K B T with spherical particles of size of 100 nm. Three volume fractions of spheres, 20 %, 40 % and 50 %, are studied using mono-size spheres numbering 3760 to 9616. The initial microstructure is established without interaction: particles are randomly packed and then allowed to equilibrate for a short period. During this equilibration stage, the Van der Waals force is gradually turned on in order to avoid the introduction of a large kinetic energy as the spheres could be very close initially. Once the forces are fully "turned on" we define time zero. The suspension is then allowed to undergo a secondary equilibrium phase that can be related to a thixotropy. We then study how the suspension responds to the introduction of a constant applied strain rate at different stages of secondary equilibration.
The temporal evolution of the coordination number, Z, is first considered. Z is obtained from the radial distribution function, which is integrated from zero out to a small distance associated with the first minimum of the radial distribution function. Figure 1 shows the growth of Z as a function of time. For all volume fractions, Z tends to a plateau value of approximately 6.6. A constant strain rate is then applied at different equilibrium time. We find that under lower shear rates Z increases slowly as if the shearing is enhancing the aging process. On the other hand, at higher shear rates, the coordination number decreases approximately following an exponential decay. Stress growth curves are calculated as a function of the equilibration times and are represented in Figure 2 for a 20 % volume fraction suspension. For lower equilibration times, the stress grows slowly with strain until a critical strain is reached where a more rapid increase ensues. This is indicative of the fact that the suspension has not equilibrated long enough to form a spanning cluster and that the small strain facilitates the formation of clusters. However, for longer equilibration times the stress rises more rapidly with strain. Even though the slope of the stress growth curve increases, the maximum reached at the equilibrium does not change significantly indicating that the cluster formation is still tenuous. It is possible to collapse all the curves onto a universal master curve by a linearly translating the stress growth curve along the strain axis. Hence the shearing produces an "aging" effect for the suspension as the shearing facilitates the formation of larger clusters. On the other hand, at higher volume fractions the stress growth curves take a different form as the system ages (Figure 3) . At early times, the stress growth curve increases monotonically but at later times it is found, initially, to grow much more rapidly. This rapid increase of stress with strain indicates that the suspension has to overcome a barrier associated with the rearrangement of its microstructure. Indeed, at higher volume fractions, the stress could increase rapidly and then drop as quickly. The maximum of the stress can be interpreted as a static yield stress. Let us now consider the angular distribution of radial contacts between spheres (Figure 4 ). In the low volume fraction range, we find that the contacts are largely oriented in the extension quadrant. As the spheres are pulled apart by the applied strain, they have a tendency to form transient string like objects that break up as it interact with nearby clusters. In general the first normal stress is negative for this simulation case. At higher volume fractions and shear rates, the orientation of the angular distribution of contacts becomes more populated in the compression quadrant. Here one can see dramatic fluctuations of stress chains that form as the shear rate is increasing. This behavior is akin to giant stress fluctuations seen in suspension at the onset of a jamming transition. In this regime, the first normal stress was found to be positive. In summary, at low volume fractions, a slowly applied strain had a tendency to facilitate aging of the suspension. Stress growth curves could collapse onto a universal curve. The maximum stress was not dependent on the aging and could be reached sooner with the applied strain. At volume fractions close to 50 %, the stress growth curves did not exhibit a universal behavior. As the suspension aged, a barrier had to be overcome to begin flow. This barrier can be thought of as a yield stress. For this case, contacts largely oriented in the compression quadrant and fluctuating stress chains were observed as the shear rate was increased.
